In this study, an allelopathic substance was isolated from an aqueous methanol extract of Hibiscus sabdariffa L. by column chromatography and reverse phase HPLC. The chemical structure of the substance was determined by 1 H NMR spectroscopy and mass spectrometry as trimethyl allo-hydroxycitrate. Trimethyl allo-hydroxycitrate inhibited the growth of cress hypocotyls and roots at concentrations greater than 10 mM. The concentrations required for 50% growth inhibition of the hypocotyls and roots of cress were 20.3 and 14.4 mM, respectively. The inhibitory activity of trimethyl allo-hydroxycitrate suggests that the substance may act as an allelopathic substance of H. sabdariffa.
Allelopathy has been defined as the direct or indirect effects of biochemical compounds (allelochemicals) on other plants through release from donor plants into the surrounding environment in several ways such as volatilization, leaching from aerial parts, root exudation and plant decomposition [1a] . Allelochemicals, particularly in medicinal plants, are of interest and have been reported by many researchers [1b-1f] .
Hibiscus sabdariffa L. is an annual plant belonging to the Malvaceae family and commonly known as roselle. This plant is widely distributed throughout tropical and subtropical regions of the West Indies and Central America [2a] . The red calyces of the plants are rich in vitamin C and contain many bioactive components such as hibiscitrin, hibiscetin, β-sitosterol, anthocyanin, citric acid, hibiscus acid and stearic acid, which have been reported to reduce high blood pressure, oxidative liver damage, and have antihypertensive, antioxidant, and antimutagenic properties [2b-2e,3a] . However, only a few studies have been reported about allelopathic activity of this plant. Russo et al. [3b] reported that an aqueous extract of H. cannabinus reduced the germination and growth of pigweed by 50-70% [3b]. Pukclai and Kato-Noguchi found a strong inhibitory activity of H. sabdariffa extracts on the growth of 12 test plant species [3c]. Therefore, this study aimed at the isolation and identification of allelopathic substances from an aqueous methanol extract of H. sabdariffa.
An aqueous methanol extract of H. sabdariffa was purified by silica gel and Sephadex LH-20 column chromatography, and use of a C 18 cartridge. An active substance was finally isolated by reverse-phase HPLC. The molecular formula of the active substance was determined to be C 9 H 14 O 8 Na by HRESIMS (m/z 273.0588 [M+Na] + , ∆ = +0.2 mmu, calcd for C 9 H 14 O 8 Na, 273.0586). The compound was identified as trimethyl allo-hydroxycitrate ( Figure  1A ) by comparison of its spectral data with that published [3d,3e]. The [α] D 21 was +39.4 (c = 0.1, CHCl 3 ).
Trimethyl allo-hydroxycitrate is a derivative of hydroxycitric acid. The pharmacological properties of hydroxycitric acid have also been reported as antioxidant, anti-hyperlipidemic, adipogenesis, insulin resistance and starch digestion inhibition [4,5a] . Trimethyl allo-hydroxycitrate inhibited the growth of cress hypocotyls and roots at concentrations greater than 10 mM ( Figure 1B) . The inhibition increased with increasing substance concentrations. The substance at a concentration of 30 mM inhibited the hypocotyl and root growth of cress by 18.2% and 8.6% that of control, respectively. The concentrations required for 50% growth inhibition (I 50 ) of hypocotyl and root growth of cress were 20.3 and 14.4 mM, respectively.
Phytotoxic substances are possibly released into the surrounding environment in several ways and effect the growth of other plants.
The activity of phytotoxic substances may be either enhanced or reduced by soil environmental factors such as microbial communities, soil structure and soil nutrient conditions [5b-5d]. In this study, a growth inhibitory substance was isolated from an aqueous methanol extract of H. sabdariffa and identified as trimethyl allo-hydroxycitrate. The aqueous methanol extract of H. sabdariffa was reported to have allelopathic activity [3c] and thus, trimethyl allo-hydroxycitrate may be responsible for this activity of the extracts. 
Experimental
Plant materials: Whole plants of Hibiscus sabdariffa (leaves, stem and roots) were collected from Chiang Mai province, Thailand, in August 2011. Soil particles were removed from the plants by washing with running tap water. The plants were then dried under sunlight, ground into powder and kept in a refrigerator at 2°C until extraction. Cress (Lepidium sativum L.) was used as the test plant species because of its known seedling growth.
Extraction and purification of active substances: Plant powder (500 g) was extracted with 2 L of 80%, v/v, aqueous methanol for 48 h and filtered through filter paper (No. 2; Toyo Ltd., Japan). The residue was extracted again with cold methanol for 24 h and filtered. The two filtrates were combined and evaporated in a rotary evaporator at 40°C to produce an aqueous residue, as described by .
The aqueous residue was adjusted to pH 7.0 with 1 M phosphate buffer and partitioned 3 times with an equal volume of ethyl acetate. The ethyl acetate fraction was dried over anhydrous Na 2 SO 4 , filtered and evaporated to dryness. The residue was loaded onto a silica gel (60 g, silica gel 60, 70-230 mesh; Merck,) column and eluted stepwise with n-hexane that contained increasing amounts of ethyl acetate (10% per step, v/v; 150 mL per step) and methanol (300 mL). Inhibitory active fractions were eluted with 70% and 80% ethyl acetate in n-hexane and the 2 fractions were combined. The combined fractions were evaporated to dryness and loaded onto Sephadex LH-20 (100 g, Amersham Pharmacia Biotech, Buckinghamshire, UK). The column was eluted with 20, 40, 60 and 80%, v/v, aqueous methanol (100 mL per step) and methanol (200 mL). The active fraction eluted by 20% aqueous methanol was evaporated to dryness. The residue was dissolved in 20%, v/v, aqueous methanol (2 mL) and purified using a reverse-phase C 18 cartridge (1.2 × 6.5 cm, YMC Ltd., Kyoto, Japan). The cartridge was eluted with 20, 40, 60 and 80%, v/v, aqueous methanol and methanol (15 mL per step). The active fraction eluted by 20% aqueous methanol was evaporated to dryness and the active substance was finally purified by reverse-phase HPLC (500 × 10 mm i.d., ODS AQ-325; YMC Ltd, Kyoto, Japan) eluted at a flow rate of 1.5 mL min -1 with 20%, v/v, aqueous methanol, detected at 220 nm. The active compound was obtained as a light yellow residue with a retention time of 45-48 min. The chemical structure was determined by mass spectrometry and 1 H NMR analysis.
Cress bioassay:
Inhibitory activity of all fractions obtained from each purification step was determined by cress bioassay. A portion of the fraction (final assay concentration 100 mg and 300 mg dry weight equivalent extract/mL) was added to a sheet of filter paper (No.2) in a 28 mm Petri dish. After evaporation of the solvent, 10 seeds of cress were arranged on the filter paper in the Petri dishes and the filter paper was moistened with 0.6 mL of 0.05%, v/v, aqueous solution of polyoxyethylenesorbitan monolaurate (Tween 20; Nacalai, Kyoto, Japan). An aqueous solution of Tween 20 without plant extract was used as the control treatment. The hypocotyl and root length of cress were measured after incubation for 48 h in the dark at 25°C. The percentage length of the seedlings was calculated by reference to the length of control seedlings. The bioassay was conducted with 3 replications and repeated twice using a completely randomized design with 10 seeds for each determination.
Bioassay of trimethyl allo-hydroxycitrate:
The inhibitory activity of trimethyl allo-hydroxycitrate was determined by cress bioassay, as described above. The concentration required for 50% growth inhibition (I 50 ) was calculated from the regression equation of the concentration response curves.
